We present the latest generation of our superconducting single-photon detector (SPD), which can work from ultraviolet to mid-infrared optical radiation wavelengths. The detector combines a high speed of operation and low jitter with high quantum efficiency (QE) and very low dark count level. The technology enhancement allows us to produce ultrathin (3.5 nm thick) structures that demonstrate QE hundreds of times better, at 1.55 µm, than previous 10 nm thick SPDs. The best, 10 × 10 µm 2 , SPDs demonstrate QE up to 5% at 1.55 µm and up to 11% at 0.86 µm. The intrinsic detector QE, normalized to the film absorption coefficient, reaches 100% at bias currents above 0.9 I c for photons with wavelengths shorter than 1.3 µm.
Introduction
There are several types of single-photon detector (SPD) capable of operating in a visible and near-infrared band. Among them, the most popular are Si and InGaAs avalanche photodiodes (APDs) [1, 2] , photomultiplier tubes (PMTs) and various types of semiconducting quantum devices [3] . The best available quantum efficiency (QE) for an InGaAs APD is ∼16% at 1.2 µm, but large jitter ∼0.5 ns and high >10 3 s −1 dark counts [1, 2] make these unsuitable for several important applications, such as for practical quantum cryptography systems [4] . Other devices also have their limitations. For instance, quick PMT Mepsicron II demonstrates significantly low QE levels, <0.001% at 1.2 µm and ∼100 ps jitter, as measured in [5] . The QE of a modern R5509-72 PMT reaches ∼1% at 1.2 µm [6] . Very recently, we have demonstrated a new superconducting SPD for ultrafast counting of the visible and near-infrared range [7] [8] [9] . Our NbN detectors exhibit a gigahertz counting rate, low jitter values (<50 ps) and the number of dark counts below 10 −3 s −1 at QE ∼ 0.02% at 1.55 µm [8, 9] .
Here, we report on our latest work, devoted to the optimization of SPDs operating in the infrared waveband. We regard QE as an intrinsic detector characteristic, determined by the probability of the detection of a single photon from a photon flux containing only one photon per detector area. We present the new, ultrathin meander-type NbN devices and demonstrate that they have the improved QE in the near-infrared range, at the same time maintaining the advantage of high speed of operation in comparison with commercially available Si APDs [2] .
SPD quantum efficiency
To discuss the possible ways of improving QE, let us briefly consider the physics of device operation [7] [8] [9] . Our SPD operates in a regime when the bias current I is close to the critical value I c . In this case, the formation of a hotspot region after the absorption of a photon results in the formation of a 'bottleneck' for the supercurrent (see figures 1(a) and (b)). The supercurrent is expelled from the normal hotspot region and the current density in the still superconducting outer parts of the strip increases. If the current density after this redistribution exceeds the critical value outside the hotspot, the total cross section of the device is switched into the resistive state (see figures 1(c) and (d )). The appearance of a resistive region and the resulting SPD voltage response depend on the bias current, photon energy, and the device cross section.
The simple model [8] predicts the threshold-like dependence on the normalized current I/I c . For the current above a certain threshold, we should expect 100% intrinsic QE, normalized to the device absorption coefficient, and 0% QE if the bias is below it. In the latter case, only relatively rare multiphoton processes may be observed.
The experimental dependences of QE versus bias current do not directly follow the above prediction. Figure 2 shows the dependence of QE versus I/I c obtained for the 10 nm thick sample irradiated by 1.3 µm photons from a continuous wave (cw) semiconductor laser diode. We can see that the dependence of a number of counts on I/I c has no sharp threshold region predicted by theory. The smoothening of the observed dependence may be explained by several reasons. The most important of these are described further. The I c value is directly related to the device width w, and even small variations of w result in a suppression of I c (corresponding to the narrowest segment of the device), resulting in a significant decrease of the experimental value of QE. The other very important issue is the presence of quantum fluctuations that smoothen the threshold current value and the spectral sensitivity dependence.
The basic idea behind the improvement of QE in the latest generation of our device is to increase the hotspot area to cover a larger percentage of the film width. For a given photon energy, the simplest way is to decrease w of the detector stripe. Unfortunately, the strip edge non-uniformity and device cross section variation are limited by our e-beam lithographic equipment and do not depend on w. Thus, for very narrow stripes, the 'relative' spread of I c in the different device cross sections is very large, resulting in very low QE. In this situation, the most attractive way to make the hotspot larger is to make the NbN strip thinner. The hotspot volume is determined by the absorbed photon energy and the film thickness is much less than the hotspot size [8] . Thus, for a given photon energy the diameter of the hotspot in a thinner film should be larger. In this case, the ratio of the edge non-uniformity to the spot size decreases, leading to an increase of QE. Furthermore, in this case the current threshold level decreases and we can operate at a low I/I c level where many fewer dark counts occur. The only disadvantage of this approach is that the device will be somewhat more transparent but, as we demonstrate later, the increase of QE prevails and the SPD performance becomes much better, as long as the overall quality of the film does not deteriorate.
Experiment and discussion
We have produced 3.5 nm thick NbN devices that demonstrate parameters almost the same as 10 nm thick structures, namely, j c = 6 × 10 6 A cm −2 at 4.2 K. This means that the material properties of our ultrathin films do not change. In general, the production process is similar to that previously described in [7] . Briefly, our meander-type devices consist of 150 nm wide and 3.5 nm thick stripes, patterned using electron beam lithography from NbN films, deposited on sapphire substrates by reactive dc magnetron sputtering in an Ar + N 2 gas mixture. The meander microstructures cover either 4 × 4 µm 2 or 10 × 10 µm 2 active areas with the line pitch of 0.2-0.4 µm. The devices demonstrate the superconducting transition temperature, T c ∼ 9.5 K.
Our research was focused on a large active area, meandertype SPDs excited by photons within the 0.8-4.0 µm wavelength range, coming from both pulsed and cw optical sources. We measured the spectral sensitivity, response dynamics, jitter and dark count dependences on film thickness and bias current and compared them with previous data obtained for 10 nm thick devices. Our SPD was mounted on a liquid-helium dipstick and connected to a cryogenic isolator and a 200 K noise temperature amplifier (characterized by 30 dB gain and 0.1-1 GHz bandwidth). At room temperature, the SPD output was fed to a 300 MHz variable voltagelevel threshold pulse counter for real-time event recording and statistical analysis. Optical excitation sources were 560, 670, 940, 1260, 1300 and 1550 wavelength cw semiconductor lasers and 860 and 1064 nm wavelength pulse laser diodes. In addition, the broadband QE dependence on wavelength was measured using a grating spectrometer. The beam intensity was attenuated using banks of neutral-density filters, and next to the device we placed two cold-glass filters to block the parasitic thermal background radiation. The infrared photons were fed to the SPD by 62.5 µm thick multi-mode fibres with focusing lenses. The focal spot in the device plane was ∼0.6 mm in diameter.
As we reported earlier, our 10 nm thick SPDs exhibited experimentally determined QE ∼0.02% at 1.55 µm [10] .
The new, thinner device demonstrated significantly better performance. Figure 3 demonstrates the counting rate dependence of a 3.5 nm thick SPD on the normalized bias current. Comparing this figure with figure 2, we now note that the characteristic is nearly flat when I/I c exceeds 90%. This fact indicates that the intrinsic QE must be close to 100% and allows us to select the operating point in the region with a low number of dark counts (see the curve with P = 0) keeping QE high. Overall, the 3.5 nm thick SPD demonstrated QE about a hundred times higher, at λ = 1.3 µm, than our earlier 10 nm thick devices [10] . Figure 4 summarizes our studies by presenting a comparison of the QE spectral dependences for our thick and thin SPDs. We note that, in both cases, our experimental data points follow exponential dependence QE ∼ exp(−kλ). However, the decay rate for the new, 3.5 nm thick samples is only k ≈ 1.4 µm −1 , significantly smaller than k = 3.7 µm
for the 10 nm thick devices. Thus, the thin SPDs demonstrate much flatter spectral dependence and are able to operate in much longer wavelengths. The latter conclusion is confirmed by the existence of an excess of dark counts observed in figure 3 and essentially absent in figure 2. These excess dark counts are actually the real device responses to mid-infrared roomtemperature photons, significant at wavelengths longer than ∼5 µm, and not adequately attenuated by our cold filters. The exponential characteristic of the QE dependence on radiation wavelength (figure 4), as well as its dependence on I/I c , may be qualitatively explained in terms of superconducting fluctuations in the superconducting stripe biased close to the critical current [10] .
Conclusion
We have demonstrated a significant improvement in the performance of NbN superconducting SPDs, by lowering the device thickness to 3.5 nm. The experimentally obtained QE value at 860 nm for a 3.5 nm thick SPD is about 11%, quite a reasonable value for free-space quantum communication applications, taking into account the gigahertz-range counting rate of the NbN SPD that we have already demonstrated. The corresponding intrinsic QE value is estimated to be as high as ∼100%. Despite the decrease of QE to ∼5% at 1.55 µm wavelengths, the NbN superconducting SPD has already demonstrated a performance at least a hundred times better in VLSI circuit testing, compared to the top semiconductor competitors [5] .
From the application point of view, it is important to produce SPDs with an even larger active area and larger meander filling factor. The system improvements, leading to larger QE, should be focused on the increase of the infrared photon coupling factor and optimization of fibre-based radiation delivery.
